Photoluminescence fatigue and related degradation in thin-film photovoltaics
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We observe that junction photoluminescence intensity (PL) excited by a constant power laser beam
in polycrystalline CdTe/CdS solar cells gradually decreases similar to the PL fatigue in chalcogenide
glasses. As a function of time it was studied at different laser beam powers and temperatures for
contact-free and metallized regions. We were able to discriminate between the fatigue per se and
concomitant short-time PL intensity drop due to the laser heating. The fatigue shows substantial
variations between different spots on the sample. It is more profound at higher temperatures and
laser beam powers where its value can be as large as 80 percent in two hours. At low temperatures
and beam powers it saturates rather quickly not exceeding 10 percent of the initial PL intensity.
We attribute the observed phenomenon to defect creation by the light-generated electrons and
holes. The defects provide additional non-radiative recombination channels thus decreasing PL.
Simultaneously, this negative feedback makes the defect-generation rate slowing down, so that the
PL fatigue saturates. We propose a simple analytical model that fits the data.

PACS numbers: 73.00.00, 73.40.-c, 73.61.Ga, 78.20.-e, 78.55.Et, 78.55.-m

I. INTRODUCTION

Photoluminescence (PL) technique, often used to judge
the material quality, is typically assumed to be a non-
destructive method. This assumption does not always
hold. In this work we find that in a polycrystalline
CdTe/CdS solar cell, illuminated with a laser beam
of constant power, junction photoluminescence intensity
gradually decreases over time. This phenomenon is sim-
ilar to the PL fatigue observed in chalcogenide glasses'2
and a number of other systems, such as GaAs>6, GaN7,
amorphous and porous Si%*®?, and quantum wells'C.

In the latter work, the observed fatigue amplitude was
in some cases rather significant, up to 90% of the initial
PL intensity during ~ 100 <+ 1000 seconds, depending
on the material, laser beam intensity, and temperature.
No comparison between materials has been attempted
and in each publication the PL fatigue was interpreted as
though it was unique to a given system. Exponentials®®,
stretched exponentials®?, and powers? were used to fit
the fatigue temporal dependencies. One general believe
in the above-cited work is that PL fatigue is due to defect
accumulation. More specific hypotheses vary between
different authors.

However, we note that overall, the fatigue kinetics data
for different materials look similar. Hence, the same
physical mechanism can be suspected behind the phe-
nomenon in a variety of materials. Proposing such a
mechanism is one of the goals here.

Our paper is organized as follows. In Section II we
describe the experimental setup and data on PL fatigue.
Section IIT introduces our model and comparison with
the experiment. In Section IV we describe the fitting
procedure and verify the model predictions. Extension
of the model to other degradation processes is discussed
in Section V. Section VI contains concluding remarks.

II. EXPERIMENTAL
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FIG. 1: Raw data on PL fatigue including laser heat con-
tribution. Measured under the contact, laser power 25 mW
(~ 1000 sun).

We conducted our experiment on CdTe/CdS solar cell
made by vapor transport deposition as described in Refs.
11,17. These cells are thin-film junctions sandwiched be-
tween two electrodes, of which one is the transparent
conductive oxide (TCO, p=15 Q/0) and the other is a
metal of negligibly small resistance. Some of this struc-
tures remained unfinished, without a metal contact on
top of CdTe layer. This provision made it possible to
study the back contact effect on PL decay (it was shown
indeed!? that the presence of surface metal can effect the
PL signal).

PL was excited from the glass side with 752 nm line
of Kr laser. In this case, CdS is transparent to the
laser light, which is absorbed in CdTe with an absorp-
tion length of ~ 0.3 pm. This is much narrower than the
depletion layer width ~ 1+-3 pm in the lightly p-doped



CdTe. Hence, both the absorption and emission are re-
stricted to a narrow junction region. The laser beam di-
ameter was less than 0.1 mm. PL intensity change with
time was recorded with CCD camera for several different
temperatures and laser intensities.

We start with separating out the PL fatigue from the
concomitant heat induced PL decrease. Shown in Fig
1 is an example of 'raw’ data corresponding to different
temperatures. Each of the curves shows relatively fast
initial drop followed by more gradual decay. The initial
drop rather independent on the sample temperature was
attributed to the laser heating effect on the temperature
dependent PL intensity in CdTe film as explained below.
We find it important to subtract the laser heating effect,
which otherwise masks the PL fatigue trends and makes
it hard to interpret.

The reasoning behind the laser heat subtraction is that
(i) the PL intensity in CdTe has a considerable tempera-
ture dependence (as verified in Fig. 2) and (ii) the char-
acteristic time of establishing the stationary temperature
distribution (~ 1 s, see the Appendix) is comparable to
that of the observed initial PL intensity drop in Fig 1.
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FIG. 2: Temperature dependence of total PL intensity in
CdS/CdTe device.

To additionally verify the laser heat effect on PL in-
tensity we implemented a setup where the sample was
placed on a moving stage. In this setup the laser beam
spot moved relative to the stage by a distance of its di-
ameter in a time of the order of 0.5 s, shorter than the
characteristic temperature equilibration time. At room
temperature we observed the PL intensity drop by the
factor of 1.5 in a matter of seconds after the stage seized
to move. This is consistent with the laser heating effect:
the beam fixed on a particular spot increases the spot
temperature, thus decreasing PL, in accordance with the
data in Fig. 2.

Using the same setup we were able to verify the nonlo-
cal character of PL fatigue in the course of cyclical laser
beam scanning as follows. First, we measured PL inten-
sity along two parallel lines 3 mm apart on the sample.
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FIG. 3: Degradation of PL signal in laser cycling experiment
a) directly under laser beam vs b) 3 mm away from the laser
beam. Horizontal axes show the laser beam position along
the scan line.

Then we performed periodical laser scanning along one
of these lines. After 12 cycles we detected PL fatigue not
only along the scanned line, but also along the unstressed
second line (Fig. 3). The latter nonlocal PL fatigue ef-
fect can be understood assuming that the decrease is due
to material degradation caused by the laser-generated
nonequilibrium charge carriers, which as shown in Ref.
13 propagate far from the laser beam in the lateral di-
rection. The fact that the nonlocal effect was weaker
we attribute to the laser-induced heating with relatively
short localization radius (see the Appendix): higher tem-
perature directly under the beam lead to the fatigue ac-
celeration along the laser trajectory line.

Shown in Fig. 4 is a set of typical PL fatigue data cor-
rected to the laser heating effect and normalized to the
initial PL intensity. Our heating subtraction procedure
was based on the observed drastic change in logarithmic
derivatives of the PL decay temporal dependencies. We
identified that change with the characteristic tempera-
ture equilibration time and eliminated the data corre-
sponding to shorter times.

We observed the following trends: (1) the fatigue ac-
celerates and its amplitude increases with temperature
and laser beam power; (2) there are considerable varia-
tions in the PL fatigue amplitude (up to 100%) between
different spots on the sample, especially for metal-free
area (consistent with the observed fluctuations in solar
cell efficiency degradation!®); (3) there is no significant
difference in the fatigue kinetics between metal-free and
metallized regions; (4) the fatigue spreads beyond the
laser spot region affecting areas up to several mm away
from the spot; (5) PL fatigue kinetics are not very dif-
ferent in the open circuit and shorted samples, in spite
of the fact that the former shows considerably higher PL
intensity.!®

Some of the above items, such as beam power depen-



dence and nonlocal degradation, are similar to the obser-
vations for other materials. Other facts, such as varia-
tions between different spots and independence of back
contact are observed here for the first time.
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FIG. 4: Data on PL fatigue without the laser heating effect.
Contact area, laser power 25 mW. Solid lines represent fits by
Eq. (11) and Eq. (12.

)

III. MODEL

We attribute the observed PL fatigue to defects gen-
erated under illumination. While photons do not have
enough energy to create the defects, the light-generated
electrons and holes are capable of defect generation,
which is considered a mechanism underlying photo-
induced degradation in many cases'®. In particular, it
was experimentally verified for the case of CdTe photo-
voltaics that light-generated electrons and holes, rather
than the light per se, are responsible for degradation.!”

In the simplest approximation the defect generation
rate is linear in the charge carrier concentration n (a
defect is generated by capturing single electron or hole
on some cite) that is

ﬂ:omfﬂN. (1)

Here a and 3 are material parameters, the two terms in

the right-hand side describe defect creation and annihi-

lation. In turns, the electron kinetics depends on defect

concentration (V) and built-in junction electric field £,
on

G(x) =~ynN + HS% (2)

Here
G(z) = GoO(x) exp(—z/l)

is the electron-hole generation rate (cm~3s71), [ is the
absorption length, p is the mobility, ©(z) is the step

function (z > 0 corresponds to CdTe), « is a constant.
In the right-hand side of Eq. (2) the first term accounts
for the electron recombination via defects, while the sec-
ond one describes the charge carrier drift caused by the
junction electric field. In Eq. (2) we have taken into
account that the electron kinetics is fast (as compared
to that of the defects) and thus can be described in the
quasistationary approximation.

Egs. (1) and (2) reduce to a complex mathematical
problem that in the generation region z < can be sim-
plified by employing the approximations!'®

10n
G(z) =const=G, ——=I1"" 3
(@) =const=G, —— 3)
As a result Eq. (2) takes an intuitively clear form
1 1
n=Gr, —=—+I1""us, (4)
T TN

where the two last terms describe the probabilities per
unit time for the carrier to recombine non-radiatively
(1/Tn =~N) or to be swept out by the field from the
generation region.

Egs. (1) and (4) have a closed solution which is still
arithmetically cumbersome. To make it more intuitive we
start with considering the fatigue early stage. Neglecting
the annihilation term in Eq. (1) gives

n(t) = ng (1 + 2) o (5)

where
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Here 79 = 1/7Ny and Ny is the initial defect concentra-
tion.

Furthermore, the initial stage of fatigue can be simi-
larly described for a higher order kinetics, dN/dt = an”
to give

t 71/("7"'1) G
t) = 14+ - , 0= — ——+ (7
n{t) = no < 9> ay(n+ 1)ng ™ "

We observe that functionally the temporal kinetics is
field-independent. However, its characteristic time, 6 de-
pends on the field via the initial carrier concentration, in
accordance with Eq. (6).

Note that the temporal dependence in Eq. (7) was
successfully used to fit the PL fatigue in GaAs.* From
more general prospective, it is important that the built-
in electric field does not affect the shape of the initial
PL fatigue temporal kinetics. In particular, this makes
our consideration applicable to some crystals where short
absorbtion length restricts PL to a near surface region of
significant electric field.>% As long as the electric field
does not affect the kinetics, the data corresponding to
different systems (bulk PL, near-surface PL, junction PL)
can be all analyzed within the same framework.



The fatigue late stage can be described by setting the
time derivative zero in Eq. (1), which gives the saturated
charge carrier concentration ng,

) 1/2
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Here

is the ultimate defect concentration accumulated after
infinitely long time in the absence of field. Note that
in a strong field, € > vIN./u the carrier concentration
does not degrade, ng = ng = GI/u€. In a rough approxi-
mation, the charge carrier evolution can be described by
combining Egs. (5) and (9),

n(t) = (no — ns) <1+;>1/2+n3. (10)

We attribute the observed PL fatigue to the time de-
cay in the charge carrier concentration and assume the
radiative recombination kinetics bilinear in the electron
and hole concentrations, I « neny. In particular, using
Eq. (6) to describe n. and nj; gives an accurate result
for the bias-dependent PL intensity'®.

While I is bilinear in n.np, the two type carrier kinet-
ics can be significantly different owing to the difference
in their parameters. For example, the hole drift mobility
in CdTe is by order of magnitude lower than that of elec-
trons. In addition, holes typically stronger interact with
the atomic system thus being more capable of creating
the defects. Therefore, the details of the fatigue kinet-
ics can be different in different systems depending on the
charge carrier parameters.

From this point on we narrow the model to reflect the
specificity of our data. The key observation is that the
fatigue kinetics is almost the same under open- and short-
circuit cases. Hence, the junction electric field, different
for the above two cases, does not affect the defect gen-
eration and underlying charge carrier kinetics (we recall
that PL is emitted from the junction region).

On the other hand, the bias dependent PL exhibits
a seemingly conflicting observation of the charge carrier
kinetics sensitive to the junction electric field.'® To rec-
oncile the two facts we attribute them to two different
types of carriers, electrons and holes, which reaction to
the field and defect generation abilities can be signifi-
cantly different. It is likely that mobile electrons are
effectively swept away by the field, while the holes spend
more time in the junction region and generate defects
causing the PL fatigue.

Consider the extreme case where the carriers of one
type (ny) are immobile and fully responsible for defect
generation, while the alternative mobile carriers (n.) are

swept away from the junction region. In this case the PL
intensity can be represented as

nh(t)
X — 11
1 lil,ufe;()e(S ’ ( )

where ny(t) is given by Eq. (5) or Eq. (12) below. This
form enables one to simultaneously describe the bias-
dependent PL intensity and PL fatigue.

Assuming the fatigue kinetic field independent, Egs.
(1) and (4) can be solved for n to give!!

I(t) o< np(t)ne(0)

—1/2

n= 7% {1 - [1 - (]]\Z:)Q] exp(—2ﬁt)} . (12)

When the time is relatively short, ft < 1 the latter result
takes the form of Eq. (5) with

1 N2

28 N2 — Ng'
Note that 6 is generally temperature dependent as it
includes the coefficients a (through N ), and 8 which
describe the probability of electron-triggered atomic re-
arrangements. The typical dependence of that kind is

thermally activated above the Debye temperature and is
weaker at lower temperatures.'®

0

(13)

IV. FITTING THE DATA

Assuming, on empirical grounds, a significant asym-
metry between the electrons and holes we used Eq. (11)
with Eq. (12) for ny(t) to fit the data. As shown in Fig.
4, good agreement is achieved.

We have verified several predictions of the above model
addressing the main curve parameters, the fatigue ini-
tial slope (dlnI/dt = 1/26) and relative saturated value
(I(00)/1(0)) versus temperature and generation rate G
proportional to the laser power in our experiment. The
predictions are:

5= |(56) - = (55

I(0)  N(0) (75N§>1/2
I(0)  N(oc0) \ oG ’

The data in Figs. 5, 6 are qualitatively consistent with
Egs. (14), (15), which predict increase in the initial slope
and decrease in the relative saturated value with T and
G. We note that the above relations combine into

)]

where the right-hand-side can depend on 7', but not on
G. The latter prediction is verified in Fig. 7, where
temperature dependence is obscured by spot-to-spot PL
fatigue variations (note, that each point in Fig. 7 is taken
at a different spot on the sample).

1> . (14)

(15)
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FIG. 5: Dependence of the initial PL fatigue slope on tem-
perature for different laser beam powers.
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V. RELATED DEGRADATION PHENOMENA

Closely related to the PL fatigue is the phenomenon
of light-induced degradation known to be a significant
problem for thin-film photovoltaics. A minor difference
is that sun light has a broad spectrum and thus gener-
ates the nonequilibrium charge carriers more uniformly in
space. In the uniform generation approximation, [ in the
above equations represents the junction thickness rather
than the absorption length. Also, for the case of practi-
cally important relatively small degradation, the photo-
voltaic characteristics change approximately linear with
the charge carrier concentration. With these modifica-
tions, and generalizing Eq. (7) the relative degradation of
the major photovoltaic parameters X, such as short cir-
cuit current (X = Js.), open circuit voltage (X = V),
and efficiency (X = F) will all have the same temporal
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FIG. 7: Probability of defect annihilation § vs. temperature:
independent of laser power.

dependence
AX £\~ (n+1) (14 E/E,)mH
— 14 - . (1
x & < + 9> U ayGn (17)

Here the characteristic field £, = I/u7g is related to the
recombination time, which is known to depend on the
carrier generation rate?’. In particular, £ can be much
lower (and 79 much longer) far from metallurgical junc-
tion. Correspondingly, the sun light induced degradation
can be more sensitive to the electric field than PL fatigue.

Eq. (17) contains a number of verifiable predictions.
(i) Specific temporal dependence with a tendency to sat-
uration. (ii) Temperature dependence of the time scale
related to the product (ay)~! exponential in T at tem-
peratures higher or of the order of the Debye temper-
ature (Note that the latter dependence is not predicted
for the absolute value of degradation, whose temperature
dependence is often addressed.?!) (iii) Field dependence,
which predicts the short circuit device (maximum &) to
degrade less than the open circuit one (£ is suppressed),
consistent with observations.?2:23

From the practical standpoint, it is important that a
variety of charge carrier driven degradation phenomena
possess the same temporal, field, and temperature de-
pendencies. This opens a venue for predictive modelling
and accelerated life testing where one source of degrada-
tion is replaced by another, for example, relatively fast
laser or electron beam induced degradation instead of
long term one-sun-light degradation. As an illustration,
in Fig. 8 we compare properly rescaled degradation ki-
netics caused by all three of the latter sources: good
qualitative agreement is observed.?*

A comment is in order regarding charge carrier trig-
gered degradation in laterally nonuniform systems.!”
The nonuniformity screening by charge carriers depends
on their concentration,'® which is different for different
sources. This will eventually result in the correspond-
ingly different degradations. Indeed, the nonuniformity
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showed up in our experiments as considerable fluctua-
tions in the fatigue effect between different spots. The
above idea of accelerated life testing cannot be determin-
istically predictive for nonuniform systems, such as amor-
phous, porous, and polycrystalline materials. However,
for such systems the accelerated testing results inter-
preted statistically may characterize the trends in degra-
dation phenomena.

VI. CONCLUSIONS

In conclusion, the decay in the PL excited by a sta-
tionary laser beam in CdTe photovoltaics is for the first
time observed. Two decay sources are identified: short-
term laser induced heating decreasing PL intensity, and
long-term material degradation (fatigue) due to photoin-
duced defect accumulation. The fatigue exhibits such
trends as acceleration with the temperature and light in-
tensity, considerable variations between different spots
on the sample, and nonlocal nature of the effect. Simi-
larities with the PL fatigue in a number of other systems
are found.

Our theoretical model applies to a variety of materials
and attributes the PL fatigue to defects generated by
the nonequilibrium electrons and holes. The model gives
correct predictions about the fatigue temperature, light
intensity, and field dependencies.

Our understanding predicts the same physics underly-
ing nominally different degradation phenomena, such as
caused by the laser beam, electron beam, and sun light.
This opens a venue for accelerated life testing where long
term sun-light induced degradation is simulated by short
term degradations caused by laser or electron beams, or
electric bias. The similarity can be obscured by mate-
rial nonuniformity effects. More study is called upon to

clarify this practically important issue.
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APPENDIX

In this appendix we consider the temperature distri-
bution caused by the laser beam, which we model as a
cylindrical heat source across the film of small thickness h
attached to a relatively thick metal slab (’cold finger’) of
thickness H. The thermal conductivities of the two mate-
rials are k and K respectively (Fig. 9). The temperature
Ty is maintained at the opposite side of the system. We
assume the heat source of small radius as compared to
the below derived thermal nonuniformity decay length .
The heat transfer is then described by the equation

(A1)

where r is the distance from the cylinder axis. This gives
the temperature decay length

| K
A=4/—=Hh
K

For numerical estimates at room temperature we take
k ~ 0.1 W/ecm-°C, h ~ 3 pm and consider copper slab
of H=1cm and K ~ 4 W/cm-°C. This gives A ~ 0.03

mm, larger than our laser beam radius.

(A.2)

A H
metal K

film K h

FIG. 9: Parameters describing heat transfer from a cylindrical
source in thin film in contact with a metal slab.

To estimate the temperature nonuniformity amplitude
0T caused by a source of power P consider the heat trans-
fer equation

P = 27T)\h/€8£ ~ 2mhkoT.
or

For typical P ~ 10 mW this gives 6T ~ 50 K.
Finally, to estimate the thermal conduction equilibra-
tion time

(A.3)

H?Cp
T~

= (A4)



we use the copper specific heat C' = 400 J/kg-K and the

[N

10

11

12

13

density p ~ 10 g/cm?, which give 7 ~ 1 s.
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